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I 
Warburg,  Posener, and Negelein  (1924)  observed an increase in anaerobic 
glycolysis of sarcoma when carbon dioxide tension and bicarbonate concentra- 
tion were  raised  at  constant pH.  A  fivefold increase  in  the  carbon dioxide 
tension and bicarbonate concentration was found to double both oxygen uptake 
and aerobic glycolysis  by rat retina (Craig and Beeeher, 1943 c).  Lq the present 
study  the  observations have  been  extended  to  cerebral  cortex and  medulla 
oblongata  from the  cat.  Some  measurements  at  low  oxygen tensions  with 
bicarbonate  medium have been included  to complement data  obtained with 
phosphate  medium  (Craig and Beecher,  1943 a). 
H 
Fifty-three unselected cats were employed.  Following painless sacrifice, a  sagittal 
cut was made through the head with a guillotine, to permit immediate exposure of the 
brain.  At room temperature (about 25  ° C.) slices were cut from the outer surface of 
the  cerebral  cortex,  or from the  medulla  oblongata  in  a  parasagittal  plane.  The 
phosphate medium was made up to contain 0.119 xt NaC1, 0.0026 M KC1, 0.0019 
CaC12, 0.00072 ~t MgC12, 0.0033 ~  NaH2PO4, 0.0185 ~  NoaHPO4, and 0.011 K dex- 
trose at pH 7.4.  In this medium oxygen uptake was determined by the first method 
of Warburg  (1923).  The bicarbonate  medium  was  made up to  contain  0.0024 
KCI, 0.0017 xr CaC12, 0.00066 ~  MgC12, and 0.011 dextrose.  The sum of NaC1 and 
NaHCO3 concentration  was 0.140 M. 
The concentration  of these anions, the carbon dioxide tension,  and the calculated 
pH are given in the tables.  In this medium oxygen uptake and total acid output were 
determined  by the second method of Warburg (1924).  The lactic acid that accumu- 
lated in the vessels was determined colorimetrically by the method of Barker and Sum- 
merson  (1941).  1 
It was observed that more of a precipitate  formed in phosphate medium  than in 
bicarbonate  medium with 5 per cent carbon dioxide.  Although the media contained 
* Aided  by a  grant from the Milton Fund of Harvard University  to Henry K. 
Beecher. 
t The analyses were carried out by Miss Arm Murphy. 
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about 0.002  ~  CaCI2, analyses by the method of Fiske and Logan (193I) 1 indicated 
that calcium remaining in solution was only 0.0002 M in phosphate medium at 7.4 and 
in medium containing 0.100 •  NaHCO3 in equilibrium with 20 per cent carbon diox- 
ide; with 0.025 ~  NaHCO3 and 5 per cent carbon dioxide, 0.0011 ~  remained in solu- 
tion.  In order to maintain a uniform calcium concentration in solution some of the 
bicarbonate media were made up to contain only 0.0002 M CaC12. 
The gases were mixed in 20 liter carboys over saturated CaC12  solution and analyzed 
,on the Haldane apparatus. 1  The temperature of the water bath was 38  °.  The shaker 
speed was 120 cydes per minute.  At the conclusion of the manometric observations 
the tissue slices were removed from the vessels and dried to constant weight. 
The following symbols are defined:-- 
Qo~  =  oxygen uptake in c. mm./hr./mg, tissue. 
Qa  --- total carbon dioxide output in c. mm./hr./mg, tissue, induding respira- 
tory  carbon  dioxide  and  carbon  dioxide  displaced  from  the  bicar- 
bonate buffer by lactic acid. 
Qa  =  Qa  -  Qo~ =  carbon dioxide output due to lactic acid in c. mm./mg./hr.; 
1 c. mm. is equivalent to 0.004 rag. of lactic acid.  Qo~ is assumed to 
be numerically equal to respiratory carbon dioxide. 
L.A.  -- total lactic acid formed in preliminary period of equilibration  (10 to 15 
minutes)  and experimental period of 2 hours, in mg./grn, tissue. 
The standard error of the mean for small series,  is given for each set of data: 
HI 
Time.--In contrast  to the  results  obtained  previously with  phosphate  me- 
dium (Table IV) when there was no change in Qo, from the 1st to the 2nd hour, 
the Qo, for both cortex and medulla measured in bicarbonate medium decreased 
significantly in the 2nd hour (Table I).  ~  In the 2nd, 3rd, and 4th hours,  how- 
ever, the Qo, was nearly constant.  The decrease from the 1st to the 2nd hour 
was observed with  both  high and low concentrations  of calcium  (Table  III). 
With cortex the Q a was negligible in the 2nd hour and became negative in the 
2 In retina the Qo~ did not decline in the 2nd hour except in the low carbon dioxide 
bicarbonate  medium. 
Oxygen uptake of rat retina 
Medium 
Phosphate 
Bicarbonate  5  per cent 
CO~ 
Bicarbonate 1 per cent 
CO~ 
No. of 
obser- 
vations 
t  10 
lO 
15 
1st hour QO2 
17.9 4-0.60 
31.0 4-2.3 
16.0 4-2.0 
2nd hour QO~ 
as per cent of 
1st hour 
95 ~3.7 
98 4-6.7 
73 4-5.7 
Source of data 
Craig and Beecher, 1943b 
Craig and Beecher, 1943c 
Craig and Beecher, 1943¢ TABLE  I 
Variatio~ with  Time in Bicarbonate Medium 
95 per cent O:, 5 per cent COs, 0.025 u  NaHCOa, 0.0011 x¢ Ca in solution.  Group A. 
Q02 --  oxygen uptake in c.  mm./hr./mg,  tissue  (dry). 
Qo  =  Qg  -  Qo2, where Q.4  ffi total carbon dioxide output in c. mm./hr./mg, tissue (dry) 
including respiratory carbon dioxide and carbon dioxide set free by glycolysis.  0.004 
rag. lactic acid would set free 1.0 c. ram. of carbon dioxide.  . 
No. of cats  QO~  [  QG 
Time  No. of observations  I 
Cortex 
~f$. 
1 
2 
3 
4 
15/15 
15/15 
8/8 
5/5 
11.8 4-0.41 
8.6 4-0.38 
8.9 4-0.49 
8.0 4-0.66 
4.0 4-0.27 
0.2 4-0.26 
--0.8 -4-0.30 
--0.9 4-0.28 
1 
2 
3 
4 
14/14 
14/14 
7/7 
3/3 
Medulla 
4.0 4-0.30 
3.1 4-0.16 
2.9 4-0.20 
2.7 4-0.21 
2.1 4-0.23 
1.0 4-0.05 
0.4 -4-0.18 
0.6 4-0.10 
TABLE  H 
Variations ~r#h Time  in Phosphate Medium* 
A. Lactic acid output in phosphate medium by cerebral cortex 
Soluble calcium, 0.0002 
Cat No. 
416 
417 
418 
419 
420 
421 
422 
Mean 
Output after 
prellmmary period 
plus 1 hr. 
reg.~gin. 
51 
59 
76 
625 
61 
77 
68 
Length of additional 
period 
hf$. 
4 
6 
3 
2 
3 
3 
3 
Total output 
including additional 
period 
~g./gm. 
82 
143 
114 
94 
104 
109 
105 
Mean QG 
for additional 
period 
1.9 
3.5 
3.2 
4.0 
3.6 
2.7 
3.1 
3.1 4-0,25 
B.  Oxygen uptake for the animals listed in A 
Time  QO! 
]/f$. 
1 
2 
3 
a 4 
10.9 -4-0.55 
10.5 -4-0.20 
9.8 -4-0.16 
9.1 -4-0.18 
* The animals referred to in this table were members of another series for which furthe~ 
data have been reported elsewhere (Craig, 1943). 
J; Preliminary period plus 2 hours. 
327 328  METABOLISM  OF  CEREBRAL  CORTEX  AND  MEDULLA  OBLONGATA 
TABLE  III 
Variations in Metabolism u~itb t~ Concentration of Calcium Remaining in Solution in Bicarbonale 
Medium 
L.A.  =  lactic acid  in  reg./gin,  tissue,  determined colorimetrically, formed  in  2  hours plus 
preliminary period. 
Other symbols as defined in Table I. 
Group  ................  B  C  D  A  E  F 
Ca++M  ........... 
p~--~ .............. 
0~, rol. per cent... 
CO,, rd. per cent.. 
Nah/COa, u ...... 
NaCl, ~ ......... 
0.0002 
7.48 
99 
1 
0.005 
O. 135 
0,0020 
7.48 
99 
1 
0.005 
0.135 
0.0002 
7.48 
95 
5 
0.025 
0.115 
0.0011 
7.48 
95 
5 
0.025 
0.115 
0.0020 
6.78 
95 
5 
0.005 
O. 135 
0.0016 
6.88 
80 
20 
0.025 
0.115 
Cortex 
No. of cats 
No.  of  observations 
Qos  1st hr. 
2nd hr. 
,-# 
Qo  1st hr. 
2nd hr. 
No. of cats 
No.  of  observations 
L.A. 
3/7 
14.4  4-0.51 
11.3  -4-0.26 
4.0  4-0.35 
1.2  4-0.13 
3/14 
43 4-1.1 
4/4 
10.8  4-0.45 
7.0  -4-1.36 
1.7  -4-0.81 
-0.4  4-0.75 
4/8 
10 4-2.8 
3/8 
15.5  4-0.32 
12.2  4-0.24 
8.9  4-0.26 
4.2  4-0.26 
3/18 
58 4-1.3 
15/15 
11.8  -4-0.41 
8.6  4-0.38 
4.0  -4-0.27 
0.2  .4-0.26 
7/14 
31-4-4.8 
2/2 
8.7  -4-0.5 
8.6  4-0.7 
0.4  4-0.1 
-0.7  4-0.1 
2/4 
7 4-6.5 
2/2 
11.2  .4-0.6 
8.2  4-0.2 
3.2  4-0.2 
--0.4  .4-0.3 
2/4 
23 4-2.1 
Medulla 
No. of cats 
No.  of  observations 
Q02  Ist  hr. 
2nd hr. 
Qo  1st hr. 
2nd hr. 
No. of cats 
No. of observations 
L.A.. 
3/7 
4.4  4-0.53 
2.8  4-0.28 
1.5  -4-0.24 
0.5  +0.18 
3/14 
134-2.3 
3/3 
4.3  4-0.93 
3.2  4-0.51 
1.4  -4-0.58 
0.5  4-0.29 
3/6 
6 -4-1.4 
3/9 
5.2  4-0.41 
3.4  4-0.15 
3.2  4-0.32 
1.2  4-0.10 
3/18 
22 -4-1.2 
14/14 
4.0  4-0.30 
3.1  4-0.16 
2.1  -4-0.23 
1.0  ±0.05 
7/14 
15 -4-1.8 
2/2 
2.8  -4-0.5 
2.9  4-0.1 
0.0  4-0.3 
--0.2  -4-0.2 
2/4 
8 4-0.8 
2/2 
3.5  4-I.0 
2.0  4-0.4 
2.3  --0.5 
0.6  -*-0.2 
2/4 
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3rd and 4th hours.  This could indicate utilization of lactate (Dixon, 1935). 
With medulla, the Q ~ declined with time but was always positive.  One would 
like to know whether aerobic glycolysis is a normal feature of the metabolism 
of medulla in vivo, as it is of tumors.  With cortex in phosphate medium the 
lactic acid remaining in the vessel was greater at the end of 4 hours than 1 hour 
(Table II).  The mean Qo was 3.1 for the last 3 hours. 
Calcium.--The  effects of cation imbalance in the medium on the metabolism 
of cerebral cortex have been described by Ashford and Dixon (1935), Dickens 
and Greville (1935),  and Canzanelli, Rogers, and Rapport (1942).  One char- 
acteristic accompaniment of cation imbalance in the shape of a  low calcium 
concentration, namely, an increase in both Qo, and Q a, is shown in Table III 
at  two levels of carbon dioxide-bicarbonate concentration.  In  medulla,  the 
effects of changes in calcium concentration were less pronounced than in cortex. 
The calcium concentration may also account for the differences in glycolysis 
between  phosphate  and  bicarbonate  media  (Table  IV).  Aerobic  glycolysis 
was  higher in phosphate medium than in bicarbonate medium  (AI) but the 
reverse was true for anaerobic glycolysis (HK).  Ashford (1934) found anaero- 
bic glycolysis by brain slices to be 60 per cent greater in bicarbonate medium 
than in phosphate.  In the case of anaerobic glycolysis both calcium concen- 
tration and carbon dioxide tension may contribute to the difference between the 
two buffers.  In the case of aerobic glycolysis, data for media containing the 
same amount  of calcium in solution are available.  For phosphate  medium 
(Beecher and Craig,  1943, Table V), and bicarbonate media containing 1 per 
cent and 5 per cent carbon dioxide (B and D) the Qa for the 1st hour was 7.4, 
4.0, and 8.9 respectively.  The fact that Q ~ was lower with 1 per cent carbon 
dioxide than with phosphate indicates that phosphate may have an influence 
on glycolysis independent of calcium concentration and carbon dioxide tension. 
Low  Oxygen Tension.--The  double  vessel  method  determines  the  total 
amount of acid produced in metabolism including carbon dioxide and lactic 
acid.  The data obtained by this method (Table IV) revealed an unexpected 
feature Of  the  metabolism of  medulla.  When  the  oxygen  content  was  di- 
minished from 95 to 3 volumes per cent, the mean QA decreased from 5.1 to 3.8 
although the mean Qo increased 60 per cent.  In cortex the decrease in carbon 
dioxide  from  respiration  was  balanced  by  the  increase  in  glycolysis.  The 
results in Table IV further emphasize the point brought out by the experiments 
with phosphate medium, that glycolysis in medulla is much smaller than in 
cortex and less sensitive to changes in oxygen tension.  The decrease in lactic 
acid outpht by medulla in phosphate medium when the oxygen was diminished 
from 3 to 0.5 volumes per cent did not appear in bicarbonate medium. 
In both tissues Qo decreased from the  1st to the 2nd hour.  It was noted 
that in each tissue the decrease in absolute units, Qoo-,), was independent of 
oxygen tension. TABLE IV 
Low Oxygen Ter~ion 
Bicarbonate  medium  with 0.0011  M Ca  in  solution;  phosphate  medium with 0.002  M Ca in 
solution.  Phosphate  data  from  Craig  and  Beecher  (1943a). 
Qaa-2) represents the decrease in Qa from the  1st to the 2nd hour. 
Other symbols as in Tables I  and III. 
Bicarbonate  medium  Phosphate  medium 
Group ............  A  [  G  H  I  J  [  K 
"l 
0,, vol. per cent ....  95  3  O. 5  100  3*  O. 5 
Cortex 
No. of cats  i 
No. of  observations 
Qo2'  Isthr. 
2nd hr. 
Mean. 
~A mean. 
Qa  1st hr. 
2nd hr. 
(1-2) 
No. of  cats 
No. of observations 
15/15  I 
]11.8  4.0.41 
8.6  4-0.38 
10.2  4.0.35 
i 
12.3  4-0.43  I 
4.0  -4-0.27 
0.2  4.0.26 
3.8  -4-0.32 
7/14 
6/7 
2.5  4.0.72 
1.3  4.0.63 
2.0  4-0.42 
13.5  4.0.71 
13.4  4.0.66 
9.4  4.0.55 
3.9  4.0.67 
6/14 
7/7 
0.2  4-0.73 
0.6  4.0.80 
0.3  4.0.57 
15.5  4.1.62 
16.7  4.1.54 
13.6  4.1.29 
3.2  q-0.60 
7/14 
1s/is 
110.5  4-0.35 
10.2  4-0.27 
10.4  4-0.31 
14/14 
9/9 
2.0  4.0.11 
2.4  4.0.10 
2.2  4.0.11 
7/7 
9/9 
I0.1  4.0.12 
0.7  4.0.13 
0.4  4.0.07 
7/7 
L.A..  31 4.4.8  145 4-7.1  170 -4-7.7  52 4.3.9  121  4.12.7  138  4.4-14.5 
Medulla 
No. of eats 
No. of observations  14/14  7/7  7/7  14/14  7/7  7/7 
Qo~  lsthr.  4.0  4-0.3fl  1.6  4-0.43  0.4  4-0.47  3.5  R:0.18  0.9  4-0.14  0.2  4.0.09 
2ndhr.  3.1  4.0.16  1.0  4.0.34  0.0  4.0.03  3.4  4-0.18  1.0  4.0.14  0.4  -4-0.08 
Mean ......  3.5  4.0.19  1.3  4.0.39  0.2  -4-0.33  3.5  4.0.17  1.0  4.0.14  0.3  q-0.08 
Qa mean .........  5.1  4.0.27  3.8  4.0.50  2.6  4.0.52 
Qa  1st hr.  2.1  4.0.23  3.0  4.0.19  2.8  4.0.33 
2nd hr.  1.0  -*-0.05  2.0  4.0.10  1.9  4.0.13 
(1-2)  1.1  -v0.23  1.0  4.0.14  0.9  4.0.27 
No. of  cats 
No. of observations  7/14  7/14  7/14  14/14  7/7  8/8 
L.A  ...............  15 -4-1.8  23 :t:2.2  25 4.1.5  18 -4-2.2  32 4-3.1  23 4.2.2 
* The oxygen mixture used with medulla in this group averaged 2 volumes per cent instead of 3. 
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pH.--The oxygen uptake  of cerebral  cortex in  neutralized  serum without 
carbon dioxide has been studied over a wide range of pH by Canzanelli, Green- 
blatt,  Rogers, and Rapport  (1939).  They noticed little  change between pH 
7.4 and pH 8.3, but at pH 9 there was a  30 per cent elevation in Qo,.  In the 
present  study measurements  were  made  in both phosphate and bicarbonate 
medium at pH 6.8, 7.4, and 8.2.  In phosphate medium (Table V) Qo, was little 
altered in this range, but L.A. increased with pH, particularly in cortex. 
TABLE V 
Hydrogen Ion Concentration in Phosphate Medium 
Oxygen, 100 per cent.  NaC1,  0.119 ~.  Symbols  as in Tables I and III 
Group  ........  ~ ...............................  L  I  M 
pH ................................  6.8  7.4  8.2 
NaH2PO~, ~ ........................  0.0109  0.0033  0.00022 
Na~P04, ~ ........................  0.0109  0.0185  0.0216 
Ca  ++, ~s ...........................  0.0008  0.0002  0.0002 
Cortex 
No. of cats 
No. of observations ................. 
Qo2  1st hr. 
2nd hr. 
L.A  ................................ 
2/2 
9.8 4.0.9 
9.4 4.0.3 
36  4.0 
ls/~5 
10.54.0.35 
10.24.0.27 
52  4.3.9 
3/5 
10.94.0.54 
10.44.0.54 
83  4-5.0 
MeduHa 
No. of cats 
No. of observations ................. 
Qo2  1st hr. 
2nd hr. 
L.A  .............................. 
2/2  14/14 
3.6 4.o.2  3.s 4.O.lS 
3.54.4--0.3  3.4 4.0.18 
18  4..4-4  18  4..I-2.2 
3/5 
3.9 4.0.32 
4.1 -4-0.36 
25  4.3.1 
In bicarbonate medium (Tables III and VI) an attempt was made to separate 
the effects of acidity from those of carbon dioxide and of bicarbonate; changes 
in pH between seven pairs of buffers were studied.  Changes in Qo, followed 
changes in carbon dioxide tension in pairs CE and NP, and in bicarbonate con- 
centration in pairs AE and DP.  Changes in O G or L.A. followed changes in 
carbon dioxide tension in pairs CE and AF and in  bicarbonate concentration 
in pairs  AE, DP, and BO.  Glycolysis appeared  to be  much more sensitive 332  M]~TABOLISM  OF  CEREBRAl,  CORTEX  AND  MEDULLA  OBLONOATA 
to bicarbonate than to carbon dioxide in these instances.  From a  comparison 
of BO and DO with DP and NP it would appear that pH was secondary in ira- 
TABLE VI 
Carbon Dioxide  Tension 
Medium containing 0.0002 ~ Ca in solution.  Symbols as in Tables I and III 
Group .................  B  D  N  O  P 
0~, vol. per cent ..... 
CO,, vol. per cent .... 
NaIIC08, M  ........ 
NaCI, M-  ........... 
7.48 
99 
1 
0.005 
0.135 
7.48 
95 
5 
0.025 
0.115 
7.48 
80 
20 
0.100 
0.040 
8.18 
99 
1 
0.025 
0.115 
8.08 
95 
5 
0.100 
0.040 
Cortex 
No. of cats 
No. of observations  3/7  3/8  4/4  3/5  3/5 
Qo2  1st hr.  14.4 -4-0.51  15.5  4-0.32  13.6  4-1.89  16.9  4-1.24  26.7 4-1.46 
2nd hr.  11.3  4-0.26  12.2  4-0.24  10.6 4-1.54  10.9 4-0.35  17.8  4-1.00 
Qo  1st hr.  4.0 4-0.35  8.9 4-0.26  8.6 4-2.41  6.3 4-0.52  10.5  4-0.92 
2ndhr.  1.2 4-0.13  4.2 4-0.26  2.2 4-1.58  0.9 4-0.21  5.8 4-0.7 
No. of cats 
No. of observations  3/14  3/18  4/8  3/10  3/10 
L.A  ................  43 4-1.1  58 4-1.3  99 4-16.6  62 4-3.7  119 4-9.6 
Medulla 
No. of cats 
No. d  observations 
oo~l  lsthr. 
•  2ndhr. 
Qo  ]  1st hr. 
I  2ndhr. 
No. of cats 
No. of  observations" 
L.A. 
3/7 
4.4 4-0.53 
2.8 -4-0.28 
1.5 -4-0.24 
0.5 4-0.18 
3/14 
134-2.3 
3/9 
5.2 4-0.41 
3.4 4-0.15 
3.2 4-0.32 
1.2 4-0.10 
3/18 
22:1:1.2 
5/9 
3.1 4-0.45 
2.4 4-0.31 
3.3 4-0.47 
1.9 4-0.40 
5/18 
27 4-2.5 
3/5 
7.0 4-0.71 
5.1 4-0.61 
2.1 4-0.28 
1.3 4-0.17 
311o 
23 4-2.2 
3/5 
10.5+1.58 
7.54-1.19 
3.5 4-0.31 
1.9 4-0.19 
3/10 
30 -4-2.4 
portance to the composition of the buffer mixture.  However, variations  in pH 
in phosphate medium had considerable effect on glycolysis; therefore, the results ~RA~S  N.  CRAm  333 
obtained with a constant ratio of carbon dioxide to bicarbonate would seem to 
be more significant concerning the effect of carbon dioxide tension. 
The question of the relative penetration of carbon dioxide and bicarbonate 
arises  here.  Jacobs  (1920)  attributed  the  acid  taste  of  a  •/2  solution  of 
NaHCO8 at pH 7.4 to the more rapid penetration of carbon dioxide into the 
cell.  Working with longer exposure time, more comparable with the present 
one, Smith and Clowes (1924)  studied the influence of carbon dioxide on the 
velocity of division of marine eggs.  They observed that while carbon dioxide 
decreased  the velocity,  the  effectiveness of  carbon  dioxide  declined  as  the 
concentration  of bicarbonate  increased.  They hypothesized penetration  of 
bicarbonate into the cell in simple proportion to the extracellular concentration. 
In discussing the experiment with carbon dioxide and retina (Craig and Beecher, 
1943 c)  it was  argued that  bicarbonate must  enter the  cell in proportion to 
carbon dioxide when the concentration of the buffer mixture was increased in 
order to prevent the cells from turning acid, and consequently forming lactic 
acid at a lower rate than was observed.  Because of the sensitivity of glycolysis 
to pH (Table V), the same argument applies to the data for cortex and medulla. 
The reservation should be made, however, that the intracellular pH may be 
controlled by buffers other than bicarbonate. 
Carbon Dioxide-Bicarbonate.--The effects  of  this  variable  depended  very 
much upon the conditions under which it was studied.  With media containing 
cations as nearly in balance as possible with regard to calcium, namely 0.0020 
(C) and 0.0011  ~  (A), both at pH 7.48  (Table III),  the results were much 
the same for cortex and medulla.  ' The Qo, was not affected by the change in 
carbon dioxide from 1 to 5 per cent, but Qa and L.A. increased. 
With  the  calcium  content  constant,  but  at  a  lower level  (0.0002  ~),  an 
increase in buffered carbon dioxide from 1 to 5 per cent (BD) again had no 
significant effect on Qo,.  Q a, however, doubled in both tissues and L.A. was 
increased significantly.  A  further increase in carbon dioxide to 20 per cent 
(DN), when bicarbonate became the principle anion, brought about a significant 
decrease in Qo, in medulla; Qo did not change in either tissue but L.A. increased 
somewhat. 
When the pH was raised to about 8.1 an additional effect was observed.  In- 
creasing the carbon dioxide from 1 per cent to 5 per cent (OP) brought about 
marked elevation in the Qo, in cortex.  In medulla the elevation was smaller 
than ill cortex and the errors were too large to give the change much significance. 
Q o and L.A. increased in,both tissues. 
Iv 
The results for aerobic glycolysis in cerebral cortex and medulla oblongata 
resemble  qualitatively  those  obtained before with  sarcoma  (anaerobic)  and 
retina  (aerobic).  That is, the Q a with 5 per cent carbon dioxide was about 
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dioxide was the same as with 5 per cent.  In absolute terms, smaller effects of 
carbon dioxide were observed here than with  sarcoma and retina.  Possibly 
this is due to the fact that aerobic glycolysis is quantitatively less important 
in brain than in sarcoma and retina.  The effect of carbon dioxide on anaerobic 
glycolysis in brain and retina remains to be determined. 
It is too soon to do more than speculate about the mechanism of the accelera- 
tion of glycolysis by carbon dioxide-bicarbonate, but  one possibility will be 
mentioned.  Solomon,  Veimesland,  Klemperer,  Buchanan,  and  Hastings 
(1941) found in the rat that 1 in 8 carbon atoms in newly formed liver glycogen 
was derived from bicarbonate carbon.  They proposed that this glycogen was 
synthesized  from  phosphopyruvic acid  formed  from  malic  or  fumaric  acid 
(Kalckar, 1939), which arose by way of the Krebs cycle from the combination 
of carbon dioxide and pyruvic acid (Krebs and Eggleston, 1940, and Evans and 
Slotin, 1940).  An increase in the rate of glycogen formation by these reactions 
might conceivably promote glycolysis.  In brain, glucose rather than glycogen 
is thought to be the precursor of most of the lactic acid formed; glycogen is 
broken  down  to  lactic  acid  to  a  limited  extent,  however  (Ashford,  1933). 
The hypothesis of Ashford and Holmes (1926)  that glycolysis in the brain may 
proceed by two pathways was consistent with the observation that superim- 
posed on  the variation in glycolysis with  oxygen tension was  a  decrease in 
rate from the 1st to the 2nd hour independent of oxygen tension. 
Although the synthesis of dicarboxylic acids from pyruvate might possibly 
account for the action of carbon dioxide-bicarbonate it is not clear how it could 
account for the action on both respiration and glycolysis.  In retina the addi- 
tion of succinate in a  1 per cent carbon dioxide medium raised the Qo2 to the 
level observed with 5 per cent carbon dioxide medium but  did not  increase 
glycolysis, whereas  in  5  per  cent  carbon  dioxide medium  both  Qo, and  Qa 
were higher than in the 1 per cent carbon dioxide medium. 
The sensitivity of glycolysis to carbon dioxide has certain physiological im- 
plications.  Inhalation  of  carbon  dioxide in  the  appropriate  concentrations 
results in anesthesia  or in a  considerable alteration of pulmonary ventilation 
and blood pressure.  These responses of the intact animal involve functional 
changes in the brain which might be associated with alterations in metabolism 
that could be seen in vitro.  The concentration of carbon dioxide must rise to 
about 20 per cent in order to produce anesthesia.  There was no significant 
change in Qo~ or Qo of cortex when carbon dioxide was increased from 5 per cent 
to 20 per cent either at constant pH (DN)  or at constant bicarbonate (AF). 
These results agree in general with those for ether.  This agent supplied to cat 
cortex in anesthetic concentrations in vitro had no effect on Qo,, but increased 
L.A. slightly (Craig,  1943).  Such observations tend to support the view that 
the depression of metabolism of cerebral cortex is not an essential feature of 
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Pulmonary ventilation may be augmented by increases in the carbon dioxide 
tension up to 9 per cent of an atmosphere an  d by decreases in oxygen tension 
below about 13 per cent, in the inspired air, through the mediation of chemore- 
ceptors in  the  medulla oblongata, the aortic arch,  and  the  carotid  sinuses. 
Respiratory adjustments to anoxla are probably carried out by means of the 
peripheral  chemoreceptors  rather  than  by  the  center  directly,  However, 
centrally driven anoxic hyperpneas have been consistently observed when the 
anesthesia was not too deep, so that the mechanism of the central response to 
anoxia is not without significance (Moyer and Beecher, 1942).  According to 
the  original theory of  Gesell  (1925),  the  central chemoreceptors respond  to 
increased intracellular acidity brought about in the case of hypercapnia by the 
diffusion of carbon dioxide into the cells of the chemoreceptors, and in the case 
of anoxia, by the  formation of lactic acid within them.  The  data  for the 
metabolism of medulla do not necessarily apply to the respiratory neurones 
(Pitts,  Magoun, and Ranson,  1939) scattered through that  region.  If it is 
assumed  that  medulla  slices  are  representative  of  the  respiratory  center, 
however, two comments on the intracellular acidity theory may be made. 
In the first place the oxygen tension experiments point to an increase in 
lactic acid output in anoxia but not necessarily to an increase in intracellular 
acidity.  In the second place the experiments in which the concentration of 
bicarbonate buffer was varied suggest that in hypercapnia lactic acid output is 
increased as well as in anoxia.  This is of interest in the light of Winder's 
experience. 
Winder (1937) studied the effect of monoiodoacetic acid (MIA) on the ability 
of the isolated perfused carotid chemoreceptors to respond to anoxia (perfusion 
fluid in equilibrium with 5.5 per  cent carbon dioxide and 0.5 per cent oxygen) 
and hypercapnia (perfusion fluid in equilibrium with 35 per cent carbon dioxide 
and 62 per cent oxygen).  With concentrations of MIA small enough to avoid 
poisoning the pressoreceptors, he found in eight of fifteen experiments that the 
responses to both anoxia and hypercapnia were eliminated; in the remaining 
seven, the response to hypercapnia persisted.  Winder attributed these results 
to  a  specific  inhibition of glycolysis by  MIA.  Working with  brain  tissue, 
Fuhrman and Field (1943) have shown that in appropriate cor~centration MIA 
can  block  most  of  the  anaerobic  glycolysis without  inhibiting  respiration 
markedly.  The elimination of the hypercapnic response by MIA was difficult 
to account for on the theory that carbon dioxide acts by virtue of its acidity, 
and Winder was forced to suggest that glycolysis was in some way involved in 
the response to hypercapnia as well as to anoxia. 
If the present experiments have  any bearing upon the mechanism of the 
hypercapnic and anoxic respiratory  responses,  it is to  call attention to  the 
possibility that glycolysis rather than intracellular acidity may be the common 
factor.  Lactic acid production has one advantage  over intracellular pH in 336  ~TABOLISM  OF  CEREBRAL  CORTEX  AND  MEDULLA  OBLONGATA 
that it can be more directly measured.  In evaluating the results obtained with 
medulla  slices,  however, it  cannot  be overlooked that  an increase in  carbon 
dioxide  tension  accelerated  glycolysis  only  when  the  pH  was  maintained 
constant,  whereas the hyperpnea of hypercapnia is brought about in the face 
of a  decline  in blood pH. 
The rate of oxygen uptake may also be of importance in these respiratory 
responses.  Zuntz (1897)  has shown that pulmonary ventilation declines when 
the carbon dioxide tension in the inspired air rises much beyond 15 per cent; 
with 20 per cent carbon dioxide there was a  significant decrease in the oxygen 
uptake of medulla slices (Table VI).  In similar fashion, the anoxic hyperpnea 
passes through a  maximum as oxygen tension is progressively decreased;  the 
decline  in breathing in spite of increasing lactic acid  output  may be related 
to  the fall in  Qo, at  low oxygen tension. 
SUMMARY 
Manometric measurements were made of oxygen uptake  (Qo~) and aerobic 
lactic acid output  (Qo)  by slices of cerebral cortex and medulla  oblongata of 
the cat in the presence of mixtures of 1, 5, and 20 volumes per cent of carbon 
dioxide in oxygen.  The concentrations of NaHCO~ and NaCI in the medium 
were varied  to  maintain  constant  pH and  sodium  ion  concentrations.  The 
calcium  ion  concentration  was 0.0002  M. 
At pH 7.5 under these conditions, an increase in carbon dioxide from 1 per 
cent to 5 per cent doubled the Q G of both tissues but did not alter Qo, ; an in- 
crease from 5 per cent to 20 per cent carbon dioxide had no further effect on Q a 
in either tissue or Qo, of cortex, but did depress the Qo, of medulla. 
At pH 8.1, an increase in carbon dioxide from 1 per cent to 5 per cent raised 
the Q(h and QG of cortex by about 60 per cent. 
Measurements at  low oxygen  tension carried out previously  in phosphate 
medium were repeated in bicarbonate medium to obtain data for the combined 
output  of lactic acid and carbon dioxide  (Qa).  When  the oxygen in  the gas 
phase was decreased from 95  to 3 volumes per cent,  the lactic acid output as 
measured colorimetrically increased by 114 mg./gm, in cortex and by 8 reg./gin. 
in medulla; Qa increased from 12.3  to  13.5  in  cortex and decreased from 5.1 
to 3.8  in medulla. 
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